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Intratumoral electroporation of a
self-amplifying RNA expressing IL-12 induces
antitumor effects in mouse models of cancer
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Alphavirus vectors based on self-amplifying RNA (saRNA)
generate high and transient levels of transgene expression
and induce innate immune responses, making them an inter-
esting tool for antitumor therapy. These vectors are usually
delivered as viral particles, but it is also possible to administer
them as RNA. We evaluated this possibility by in vivo electro-
poration of Semliki Forest virus (SFV) saRNA for local treat-
ment of murine colorectal MC38 subcutaneous tumors. Opti-
mization of saRNA electroporation conditions in tumors was
performed using an SFV vector coding for luciferase. Then
we evaluated the therapeutic potential of this approach using
an SFV saRNA coding for interleukin-12 (SFV-IL-12), a proin-
flammatory cytokine with potent antitumor effects. Delivery of
SFV-IL-12 saRNA by electroporation led to improvement in
tumor control and higher survival compared with mice treated
with electroporation or with SFV-IL-12 saRNA alone. The anti-
tumor efficacy of SFV-IL-12 saRNA electroporation increased
by combination with systemic PD-1 blockade. This therapy,
which was also validated in a hepatocellular carcinoma tumor
model, suggests that local delivery of saRNA by electroporation
could be an attractive strategy for cancer immunotherapy. This
approach could have easy translation to the clinical practice,
especially for percutaneously accessible tumors.
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INTRODUCTION
Over the last decade, there have been spectacular advances in the field
of cancer immunotherapy. Discovery of checkpoint inhibitors of the
immune system, with subsequent development of specific blocking
antibodies, bispecific antibodies, adoptive cell therapies, or use of cy-
tokines, has allowed us to face cancer from a different perspective
where therapies exploit the ability of immune cells to recognize and
kill tumor cells.1

Despite these advances, there are still many types of tumors that do
not respond to immunotherapies. The complexity of the tumor
stroma, its aberrant vasculature, metabolic restrictions, recruitment
of immunosuppressive cells to the tumor bed, and generation of an
immunosuppressive microenvironment are among the great obsta-
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cles the immune system must face for its antitumor action.2

Locoregional therapies, including radiotherapy,3 radiofrequency,4

microwave ablation,5 thermal ablation,6 radioembolization,7 or irre-
versible electroporation,8 besides their direct effect on tumor cells,
may also have an effect on the hostile tumor microenvironment
that is unfavorable for the antitumor activity of the immune
system. However, these techniques do not adequately transform
this highly immunosuppressive microenvironment. For this reason,
locoregional therapies are being combined with other immunosti-
mulatory therapies, such as use of anti-checkpoint antibodies,3,6,9

immunological adjuvants, such as poly(I:C)10,11 or STING ago-
nists,12 delivery of tumor suppressor genes,13 oncolytic viruses,14

or cytokines.15

One of the most effective antitumoral cytokines is interleukin-12 (IL-
12), which mediates its antitumor activity through stimulation of T,
natural killer (NK), and NK T cells and through its antiangiogenic ef-
fect.16,17 However, systemic IL-12 expression may cause toxicity
because of induction of high levels of interferon (IFN)-g.18 Strategies
allowing local expression of IL-12 in tumors (i.e., by using viral vec-
tors encoding the cytokine) have been developed, giving rise to high
antitumoral efficacy with reduced toxicity.19 Nevertheless, therapeu-
tic strategies based on replicative viruses are not without risks, and
regulatory limitations make it difficult to translate them into clinical
practice. In this scenario, use of non-viral vectors, specifically RNA
vectors, is gaining a lot of interest because of their recent results
with anti-viral and anti-tumor vaccination strategies.20 RNA based
therapies are showing important expression capacity and very prom-
ising safety profiles for their application to different therapeutic
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Figure 1. Optimization of electroporation conditions

using SFV-Luc saRNA in MC38 subcutaneous

tumors

(A) Mice bearing �30-mm3 MC38 subcutaneous tumors

were treated i.t. with 10 mg of SFV-Luc saRNA plus

electroporation using the conditions indicated in the left

column (p, number of pulses; V/cm, volts/cm; ms, dura-

tion of each pulse in milliseconds; pulse interval of 0.5 s for

every condition). Control groups received saline solution

without electroporation (non-electroporated). All mice

were injected with luciferin, and images were acquired

with a CCD camera at the indicated times using an

exposure time of 2min. (B) Quantification of light emission

in mice shown in (A) (Elect. Cond., electroporation con-

ditions defined in A). (C) Comparison of Luc expression

in MC38 tumors electroporated with SFV-Luc saRNA

(8 pulses of 0.1 ms at 1,200 V/cm, pulse interval of 0.5 s)

(RNA) or injected with 108 SFV viral particles (VPs). The

control group received PBS and was electroporated us-

ing the same conditions as the RNA group. Biolumines-

cence was measured at the indicated times. Data

represent mean measurement of the light emission in

photons/s/cm2/sr ± SEM. Asterisks at the top of each

group correspond to comparisons with the PBS control

group. Other comparisons are indicated by horizontal

lines. *p < 0.05; ***p < 0.001; ns, not significant.
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strategies beyond vaccines. The challenge for these technologies is
their formulation to reach target cells at adequate therapeutic levels.21

In this work, we explored use of a physical technique based on in vivo
electroporation to introduce into tumor cells a self-amplifying RNA
(saRNA) derived from Semliki Forest virus (SFV) encoding the IL-
12 transgene. The SFV vector consists of a single positive-strand
RNA that encodes a viral replicase able to self-amplify the viral
RNA in the host cell but lacks the genes encoding the viral structural
proteins, which are replaced by the transgene of interest. The mRNA
coding for the protein of interest is amplified abundantly from a viral
subgenomic promoter (sgPr) present in the negative-strand RNA
produced during the replication process. Therefore, this system is
able to promote very high and transient expression of the transgene,
also inducing IFN-I responses and apoptosis of transduced cells.22–24

Strong antitumor effects have been observed when SFV saRNA cod-
ing for IL-12 (SFV-IL-12) was delivered as viral particles in different
cancer preclinical models.25–29 In this work, we optimized the intra-
tumor electroporation conditions of SFV saRNA, demonstrating
388 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
effective anti-tumor immune responses in mu-
rine models of colon and liver cancer when us-
ing the SFV-IL-12 vector.

RESULTS
Optimization of intratumoral SFV saRNA

delivery by electroporation

We first optimized the electroporation
conditions to obtain high gene expression in
subcutaneous colon adenocarcinoma tumors
(MC38). For this, a reporter vector based on SFV saRNA coding
for luciferase (SFV-Luc) was employed. After making a small incision
into the skin to expose the tumors, 10 mg of SFV-Luc RNA was in-
jected intratumorally (i.t.), followed immediately by local tumor elec-
troporation using platinum plate tweezer-type electrodes and four
different electroporation conditions, as indicated in Figure 1A. These
conditions, which varied in the voltage (V/cm), duration, and number
of pulses, were selected based on previous studies in which DNA or
RNA had been electroporated into skin, muscle, or tumors.30–35

The saRNA was supplemented with RNase inhibitor immediately
before electroporation because it has been shown recently that this
can increase the efficacy and repeatability of saRNA intradermal elec-
troporation.36 On days 2 and 7 after electroporation, bioluminescence
was measured in live animals using a charge-coupled device (CCD)
camera (Figure 1A, right images). Mice electroporated with eight
high-voltage short pulses (1,200 V/cm, pulse length of 0.1 ms, and
pulse interval of 0.5 s) showed the highest expression of Luc among
all tested conditions (Figure 1B). Despite the transient nature of the



Figure 2. SFV-IL-12 saRNA electroporation in vitro

(A) Schematic representation of the SFV-IL-12 vector. (B)

Western blot analysis of supernatants from MC38 and

BHK-21 cells electroporated with SFV-IL-12 RNA (+) or

electroporated with no RNA (�). 2 � 106 cells were

electroporated with �10 mg of non-purified saRNA.

Twenty-four hours later, supernatants were collected,

and IL-12was quantified by a specific ELISA. 100 ng of IL-

12 was loaded onto the gel (or the equivalent volume of

negative controls). The primary antibody recognizes the

p40 chain of IL-12 as well as p70 (p35-p40 heterodimer)

and p40 homodimer (indicated by arrows). (C) Bioactivity

of IL-12 produced by electroporated cells was evaluated

using mouse splenocytes. 7 � 105 mouse splenocytes

were incubated with 10 ng of IL-12 produced in MC38

or BHK-21 cells or with the equivalent volume of superna-

tant from cells electroporated with no RNA. After 48 h,

IFN-g levels in supernatants were measured by specific

ELISA. The experiment was performed with triplicate

samples. Data represent mean ± SD. sgPr, subgenomic

promoter; enh, translation enhancer from the SFV capsid

gene fused to the 2A self-protease from foot-and-mouth

disease virus; pA, poly adenine tail; p35, IL-12 subunit

p35; p40, IL-12 subunit p40; p70, IL-12 heterodimer

composed of p35 and p40; DTT, dithiothreitol. (D and E)

Cytotoxic effect of SFV saRNA. 3 � 106 MC38 cells

were subjected to electroporation (Ep) with �40 mg of

the indicated SFV saRNAs, and their viability was

analyzed at the indicated times. (D) Cell viability measured

by luminescence (the percentage of viable cells was

calculated considering the mean of cells with no treat-

ment as the maximum viability). (E) Cells were stained

with specific markers to evaluate the percentage of

dead (Zombie NIR+ and Annexin V+, left graph) and

apoptotic cells (Zombie NIR� and Annexin V+, right

graph). **p < 0.01; ****p < 0.0001.
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saRNA vector, a relatively high level of Luc was still detected on day 7
after electroporation. We then compared Luc expression from SFV-
Luc saRNA delivered by electroporation with that obtained when in-
jecting tumors with a dose of 108 SFV-Luc viral particles (VPs),
which, in previous studies, led to a strong signal in MC38 tumors.25

There were no significant differences in Luc expression on days 3
and 6 between the groups (Figure 1C), indicating that saRNA delivery
by electroporation could be efficient enough to generate good levels of
transgene expression inMC38 tumors. Thus, the electroporation con-
dition based on eight pulses of 0.1 ms and 1,200 V/cm was chosen for
the following therapeutic experiments.

Electroporation of SFV-IL-12 saRNA in tumor cells leads to high

IL-12 expression and cell death

To evaluate the therapeutic potential of local delivery of saRNA by
electroporation, a SFV saRNA vector that can express high levels of
Molecular Therap
IL-12 was used (SFV-IL-12; Figure 2A).25 First
we evaluated the correct expression of IL-12
in vitro in BHK-21 and colon adenocarcinoma
MC38 cells electroporated with SFV-IL-12
saRNA. For this experiment, we previously determined the optimal
electroporation conditions using a SFV saRNA coding for GFP
(SFV-GFP) and evaluated the percentage of GFP-positive cells ob-
tained at 24 h in each case (data not shown). Then we used these
conditions, described under Materials and methods, to electropo-
rate SFV-IL-12 saRNA in both cell lines, and the expression of
IL-12 was analyzed after 24 h in cell supernatants by ELISA and
western blot. IL-12 levels obtained were around 10 and 5 mg/mL
for BHK-21 and MC38 cells, respectively. Correct dimerization of
the cytokine was confirmed by western blot, where the p70 hetero-
dimer was observed under non-reducing conditions (Figure 2B, left
panel). A higher-molecular-weight band was also observed, which
probably represents formation of p40 homodimers, a phenomenon
that has also been described in vivo.37 As expected, these dimers
were not observed under reducing conditions (Figure 2B, right
panel).
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The functionality of IL-12 produced by electroporated cells was
confirmed by performing an assay based on in vitro activation of
mouse splenocytes. After 48 h of incubation with 10 ng of IL-12, su-
pernatants from splenocytes were collected, and IFN-g was measured
by a specific ELISA as an indicator of IL-12 activity (Figure 2C). As
expected, IFN-gwas only produced in splenocytes incubated with su-
pernatants of cells electroporated with SFV-IL-12 saRNA, and similar
levels of IFN-gwere produced from supernatants from both cell lines.
In this experiment, we also evaluated the cytopathic effects of SFV-IL-
12 saRNA in MC38 cells 24 and 48 h after electroporation, using as
controls cells electroporated with SFV-GFP saRNA and without
RNA as well as non-electroporated cells. As shown in Figures 2D–
2E, SFV saRNA electroporation was able to significantly decrease
cell viability (Figure 2D), increasing the percentages of dead and
apoptotic cells (Figure 2E). This effect was much more attenuated
by electroporation by itself, and no significant differences were
observed between SFV-IL-12 and SFV-GFP, suggesting that RNA
replication was likely the main mediator of this process, being inde-
pendent of the expressed transgene.

Local electroporation of SFV-IL-12 saRNA mediates antitumor

effects that can be improved by hyaluronidase treatment

To evaluate the antitumor effect of SFV-IL-12 saRNA electroporation
in MC38 subcutaneous tumors, 10 mg of saRNA was delivered i.t. us-
ing the electroporation conditions selected previously (eight 0.1-ms-
long pulses of 1,200 V/cm and pulse interval of 0.5 s) (Figure 3A).
This treatment was compared with the antitumor effect of intratumor
injection of SFV-IL-12 VPs, using a dose of 108 VPs/tumor, which in
previous studies led to a potent antitumor effect in this model.25 Un-
der these conditions, a very modest antitumor effect was observed for
saRNA delivered by electroporation, in contrast to VPs, which were
able to achieve more than 50% mouse survival (Figure 3B).

One of the challenges of drug delivery in solid tumors is low diffusion
because of high interstitial pressure. Hyaluronan (HA) is a major
component of the extracellular matrix, which is overexpressed in
many tumors and could obstruct efficient delivery of medicines
into the tumor microenvironment.38,39 Degradation of HA in the tu-
mor stroma has been shown to enhance tumor permeability and
improve the distribution of different types of medicines, including
chemotherapeutic agents40–43 and nanoparticles,44,45 and, more
relevant, it can increase the efficacy of gene transfection by electropo-
ration.46 To evaluate whether this strategy could improve the thera-
peutic benefit of SFV saRNA electroporation, hyaluronidase was
administered i.t. 2 h before electroporation to promote degradation
Figure 3. Antitumor efficacy of SFV-IL-12 saRNA Ep in MC38 tumors

Mice bearing�30-mm3MC38 subcutaneous tumors were treated i.t. with 10 mg of SFV-

(A) Schematic of the Ep protocol used in (B). (B) Antitumor activity of SFV-IL-12 saRNA Ep

mean tumor volume (mm3) ± SEM (left) and survival proportions (right). (C and D) Effect o

Schematic of the optimized protocol for SFV saRNA i.t. Ep used in (D). Two rounds of tr

before each procedure (30 units/tumor). (D) Data represent individual tumor volumes for

received hyaluronidase (+H) except one control group (�H). The fractions in the bottom

total number of mice in each group. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
of HA. A second saRNA electroporation was performed on day 3
to enhance and prolong i.t. expression of IL-12, as shown in Figure 3C.
In this setting, we were able to improve the antitumor effect of SFV-
IL-12 saRNA electroporation, leading to 60% complete regression,
which was reflected in similar long-term survival of the animals (Fig-
ure 3D). Although inclusion of a second saRNA electroporation
slightly improved the antitumor effect, leading to 20% complete
remission, injection of hyaluronidase seemed to be important for
an optimal antitumor effect. These results were reproduced in a sec-
ond tumormodel based on hepatocellular carcinoma (HCC) PM299L
cells implanted subcutaneously intomice. In this case, electroporation
of SFV-IL-12 saRNA, using the optimal conditions used forMC38 tu-
mors, led to a significant reduction of PM299L tumor growth and
88% of complete regression with long-term survival (Figure 4).

IL-12 saRNA electroporation induces antitumor cellular immune

responses

To elucidate some of the mechanisms implicated in the antitumor ef-
fect of SFV-IL-12 saRNA electroporation, mice bearing larger MC38
tumors (�5 mm in diameter) were treated according to the protocol
described in Figure 3C. Six days after the second round of electropo-
ration, they were sacrificed to evaluate the induced antitumor im-
mune response. SFV-IL-12 saRNA electroporation led to a significant
decrease in tumor growth compared with untreated mice and with
both single therapies (Figure 5A). In fact, two of five mice in this
group presented complete remission at sacrifice despite the larger
initial tumor size. Tumor weights at sacrifice were also lower for all
animals treated with saRNA plus electroporation compared with
the single therapies, confirming the potency of this strategy in larger
tumors (Figure 5B). Splenocytes were collected and co-cultured with
irradiated MC38 cells at a 10:1 lymphocyte:tumor cell ratio to mea-
sure the IFNg-producing lymphocytes by ELISPOT. As shown in Fig-
ure 5C, mice electroporated i.t. with SFV-IL-12 saRNA produced a
significantly higher number of IFNg-secreting cells in comparison
with mice that received only saRNA or electroporation. In mice
with PM299L tumors that were cured after SFV-IL-12 saRNA electro-
poration, we also observed higher numbers of IFN-gamma producing
cells after stimulation with tumor cells (PM299L) or SIINFEKL pep-
tide (PM299L cells express this peptide) compared with naive mice
(Figure S1). This experiment was performed 55 days after the second
electroporation, indicating that, in this model, a strong memory im-
mune response had also been induced.

Tumor-infiltrating lymphocytes (TILs) were collected to carry out an
immunophenotypic analysis by flow cytometry. According to the
IL-12 saRNA plus Ep (RNA Ep) or the single treatments as controls (Ep or RNA alone).

compared with administration of SFV-IL-12 VPs (108 VP/tumor). Data represent the

f local hyaluronidase treatment on the antitumor activity of SFV-IL-12 saRNA Ep. (C)

eatment were performed on days 0 and 3. Hyaluronidase was administrated i.t. 2 h

mice of each group (mm3) and survival proportions (bottom right panel). All animals

right corner of the tumor size graphs indicate the number of complete regressions/

.
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Figure 4. Antitumor efficacy of SFV-IL-12 saRNA Ep in PM299L tumors

Mice bearing �35 mm3 PM299L subcutaneous tumors were treated i.t. with 10 mg

of SFV-IL-12 saRNA plus electroporation (RNA Ep, n = 9), only Ep (Ep, n = 8), or

saline without Ep (saline, n = 9) as described in Figure 3C. (A) Average tumor growth

along time. Data represent the mean tumor volume (mm3) ± SEM. Statistical

comparisons were done on day 20 when all mice were still alive. (B) Survival pro-

portions. The fractions to the left of group names indicate the number of complete

regressions/total number of mice in each group. *p < 0.05, **p < 0.01.
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antitumor effect shown in Figures 5A and 3D, we found that mice
treated with electroporation with SFV-IL-12 saRNA had a trend to
have a higher number of CD8+ T cells (Figure 5D, top left graph).
This combination group showed significantly higher numbers of
CD8+ T cells expressing the activation markers PD-1 and ICOS (Fig-
ure 5D, center and right panels, respectively) and proliferating
(Ki67+) CD8+ T cells expressing the activation marker granzyme B
(Figure 5E). These mice also had a higher percentage of tumor-spe-
cific (MuLV tetramer+) CD8+ T cells (Figure 5F, left graph) in which
ICOS was upregulated (Figure 5F, right graph). Finally, the CD4+/
392 Molecular Therapy: Nucleic Acids Vol. 29 September 2022
CD8+ ratio was significantly lower in the combination group in com-
parison with electroporation or saRNA administration monotherapy
(Figure 5G, left graph). CD4+ T cells also showed higher PD-1 expres-
sion in mice electroporated with saRNA (Figure 5G, right graph).

An additional mechanism involved in tumor regression could be in-
duction of cancer cell death because of RNA replication or the electro-
poration process. To evaluate this possibility, we analyzed the pres-
ence of necrotic areas in MC38 tumors 5 days after the different
treatments. As shown in Figure S2, necrotic areas were only observed
in tumors electroporated with or without RNA, although the effect
was more evident in the last case, suggesting that RNA replication
and electroporation could be contributing to cancer cell death.

As a conclusion, the intratumor in vivo electroporation of a saRNA
encoding IL-12 is able to control tumor growth, promote a higher
percentage of IFNg-producing lymphocytes, and lead to an increase
in the percentages of active and cytotoxic CD8+ TILs in comparison
with mice treated with electroporation or saRNA alone.

Combination of IL-12 saRNA electroporation and PD-1 blockade

can enhance the antitumor effect

Combination of the SFV viral vector encoding for IL-12 and PD-1/
PD-L1 blockade has been shown to work synergistically, probably
because of upregulation of PD-L1 expression in tumor cells via
IFN-g.47 We hypothesized that combination of intratumor IL-12
saRNA electroporation and PD-1 blockade could result in a more
potent antitumor effect as well. To evaluate this, mice bearing
MC38 subcutaneous tumors were treated with SFV-IL-12 saRNA
plus electroporation, as described before, in combination with sys-
temic anti-PD-1 antibody. Mice treated with this strategy showed a
remarkable effect on controlling tumor growth, leading to 80% com-
plete regression and long-term survival (Figures 6A and 6B). This ef-
fect was superior compared with animals that received SFV-IL-12
saRNA plus electroporation without anti-PD-1, although this treat-
ment also had a potent antitumor effect, as observed in earlier exper-
iments (Figures 3D, 5A, and 5B). Control groups based on electropo-
ration or saRNA also showed some degree of tumor growth delay,
especially the one including combination of electroporation plus sys-
temic anti-PD-1 antibody treatment. However, none of these treat-
ments were able to significantly increase the survival of the animals
compared with the untreated group.

Animals that rejected the tumors were rechallenged with the same tu-
mor cell line 3 months later. All animals showed protection from this
rechallenge, suggesting induction of the memory antitumor immune
response (Figure 6C).

DISCUSSION
Use of RNA for vaccination has become a reality with the recent
development of coronavirus disease 2019 (COVID-19) vaccines,
which have proven to be very efficient to prevent severe acute respi-
ratory syndrome coronavirus 2 (SARS-CoV-2) infection.48 Although
these vaccines are based on mRNA, some prototypes have also been
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Figure 6. SFV-IL-12 saRNA plus Ep and systemic PD-1 blockade can enhance the antitumor effect

Mice underwent two rounds of RNA Ep on days 0 and 3 (red arrows) with hyaluronidase pretreatment, as described in Figure 3C. A systemic anti-PD-1 antibody was

administered on days 2, 4, and 7 (black arrows) in combination with RNA Ep (RNA Ep + aPD1). Control groups received SFV-IL-12 saRNA alone (RNA), electroporation (Ep),

or Ep plus anti-PD-1 treatment (Ep + aPD1) or were left untreated (saline). (A) Tumor size progression. Data represent the mean tumor volume (mm3) ± SEM. (B) Survival

proportions. (C) Survival proportions after tumor rechallenge. Micewith complete remissions were rechallenged with 5� 105MC38 cells after 3months. Naive untreatedmice

were used as controls. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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developed based on saRNA, which in preclinical studies have shown
to elicit similar immune responses but at much lower doses.49,50 This
is probably due to the fact that saRNA can not only express higher an-
tigen levels, but it can also elicit IFN type I responses and apoptosis,
enhancing immune responses and allowing release of the expressed
antigens, respectively.51 These properties of saRNA can also be ex-
ploited to induce antitumor responses by expression of tumor anti-
gens or immunostimulatory molecules. This approach has been
used previously by us and others to deliver into tumors VPs contain-
ing saRNA expressing cytokines and immunomodulatory antibodies,
which were able to induce potent antitumor responses in several tu-
mor models.28,52 A recent clinical trial has shown that vaccination
with SFV VPs expressing the human papillomavirus proteins E6
and E7 was able to induce cellular immune responses in individuals
with cervical intraepithelial neoplasia.53 However, use of VPs has
some drawbacks that could limit their clinical translation, such as
biosafety issues and difficulties to produce them at GMP levels. For
that reason, in the present study, we explored the possibility of using
naked saRNA for local delivery of IL-12 to tumors. To enhance entry
of the saRNA into tumor cells, we employed in vivo electroporation, a
technique that can induce formation of pores in cell membranes,
Figure 5. SFV-IL-12 saRNA Ep induces antitumor immune responses

Mice bearing �50 mm3 MC38 subcutaneous tumors were injected i.t. with hyaluronid

electroporation (RNA), or SFV-IL-12 saRNA plus electroporation (RNA Ep) on days 0 and

hyaluronidase and saline solution (saline). Nine days after the beginning of the treatment,

size progression. Data represent themean tumor volume (mm3) ± SEM. (B) Tumor weigh

The graph represents IFNg-producing cells/0.7 � 106 T cells. (D–G) Immunophenotypic

TILs with the indicated markers. (F) Analysis of MuLV-specific tetramer+ CD8+ T cells w

pressing PD-1 (right). Asterisks above bars indicate statistical comparison of each group

*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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facilitating RNA entry. Electroporation by itself could also induce
antitumor effects, especially when a high voltage is used. In fact, irre-
versible electroporation (IRE), which induces a high proportion of
cell death in the pulsed area, is currently used in the clinic as a tumor
ablation technique for some accessible tumors.54 We have shown pre-
viously that the antitumor effects of IRE can be potentiated by
combining it with adjuvants able to promote type I IFN responses,
such as poly(IC:LC) (polyinosinic-polycytidylic acid and poly-L-
lysine, a dsRNA analog mimicking viral RNA) or STING ago-
nists.11,12 Based on these results, we reasoned that combination of
electroporation with an saRNA expressing a potent immunostimula-
tory cytokine, such as IL-12, could further improve the antitumor ef-
fects of this technique. We first optimized electroporation conditions
using a saRNA expressing Luc as a reporter gene. Previous reports
have shown that saRNA could be optimally electroporated in the
skin of mice by applying a couple of short high-voltage pulses fol-
lowed by eight long low-voltage pulses.33,35 The rationale for this
strategy was that the initial high-voltage pulses could create multiple
pores in cell membranes, whereas the following string of low-voltage
pulses would help move the RNA inside the cells. However, in
contrast to these results, we observed higher transfection and
ase 2 h before the indicated treatments: Ep alone (Ep), SFV-IL12 saRNA without

3, according to the protocol schematized in Figure 3C. The control group received

mice were sacrificed, and tumors and spleens were collected for analysis. (A) Tumor

ts at sacrifice (day 9). (C) IFNg-producing cell numbersmeasured by ELISPOT assay.

characterization of tumor-infiltrating lymphocytes (TILs). (D and E) Analysis of CD8+

ith the indicated markers. (G) Analysis of CD4+/CD8+ ratio (left) and CD4+ TILs ex-

with the control saline group. Other comparisons are indicated with horizontal bars.
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reproducibility when applying eight short high-voltage pulses. These
conditions led to a level of Luc expression that was not significantly
different than the one obtained by injecting the tumor with 108

VPs of SFV-Luc, indicating that electroporation and infection with
VPs could achieve comparable tumor transduction. A certain degree
of variability in Luc expression was observed in these experiments,
which could be due to RNA degradation. This happened despite
the fact that RNase inhibitors were added to the RNA during synthe-
sis and before tumor injection, something that has allowed better
repeatability of results in previous studies using a saRNA electropo-
rated intradermally in mice.36

By using our optimal electroporation conditions with SFV-IL-12
RNA, we were able to induce a significant antitumor effect in
MC38 colon adenocarcinoma and PM299L HCC tumors. This effect
was highly potentiated by injecting tumors with hyaluronidase before
electroporation. This enzyme can degrade the HA-richmatrix present
in the tumor, probably allowing better distribution of the saRNA,
which, after electroporation, could have access to a higher number
of cells. Enhancement of tumor-targeting and antitumor effects using
hyaluronidase has been observed previously in studies using oncolytic
viruses55 or plasmid electroporation.46 In this last case, the best results
were obtained by combining hyaluronidase and collagenase, some-
thing that could be tested in future research with saRNA electropora-
tion. Although use of hyaluronidase might limit clinical use of this
strategy, this compound has already been approved for clinical
use,56 and its injection in tumors not located on the body surface
could be done by ultrasound-guided percutaneous access.

In our studies, electroporation by itself or injection of naked saRNA
without electroporation only showedmarginal antitumor effects, indi-
cating that a combination of the two strategies is needed for optimal
results. As observed in a previous study performed with SFV-IL-12
VP,28 the antitumor effect obtained after SFV-IL-12 RNA electropora-
tion seemed to be mediated mainly by CD8+ T cells because a signif-
icant increase in activation markers, such as PD-1, ICOS, and gran-
zyme, was observed in CD8+ TILs from mice receiving saRNA and
electroporation. A specific antitumor response was only observed in
this group, as indicated by the higher i.t. CD8+ cells able to recognize
MC38MuLV tumor-specific antigen or by specific ELISPOT, inwhich
splenocytes are stimulatedwith tumor cells. The fact that PD-1 expres-
sion was higher in CD8+ and CD4+ TILs of the combination group
indicated that these cells were more active but that they could also
be blocked by PD-L1 expressed by tumor cells. In fact, we and others
have observed previously that MC38 tumors can express PD-L1,52,57

something that could dampen the antitumor responses. Accordingly,
combination of SFV-IL-12 electroporation with an anti-PD-1 mono-
clonal antibody (mAb) was able to further potentiate the therapeutic
effect of this therapy. Because we have shown earlier that intratumor
delivery of SFV VP expressing anti-PD-L1 (SFV-aPD-L1) can induce
potent antitumor effects,52 in future experiments it would be inter-
esting to test whether electroporation of SFV-aPD-L1 RNA can also
lead to therapeutic efficacy. In this regard, saRNAs expressing IL-12
and an anti-PD-L1 mAb could be admixed prior to electroporation
to obtain optimal results. Alternatively, the saRNA could be engi-
neered to express both molecules, something that would be harder
to achieve when using the vector as VPs because of the packaging con-
strictions of the viral capsid. An additional advantage of saRNA elec-
troporation over VP is the fact that no anti-vector immune response
will be generated, something that, in the latter case, could prevent
re-administration of the vector or diminish the effect of subsequent
doses.58 Our results suggest that delivery of saRNA by electroporation
could be an attractive strategy for local cancer immunotherapy. This
approach could have easier translation to clinical practice, especially
for percutaneously accessible tumors.

MATERIALS AND METHODS
Cell lines and animals

BHK-21 cells (ATCC-CCL10) were cultured in GMEM-BHK21
(Thermo Fisher Scientific, Waltham, MA) supplemented with 5%
fetal bovine serum (FBS), 10% tryptose phosphate broth, 2 mM gluta-
mine, 20 mM HEPES, and antibiotics (100 mg/mL streptomycin and
100 U/mL penicillin). MC38 cells, a kind gift from Dr. Karl E. Hell-
ström (University of Washington, Seattle, WA), and PM-299L cells
(provided by Dr. Amaia Lujambio, Icahn School of Medicine at
Mount Sinai, New York, NY) were cultured in RPMI-1640 medium
(Lonza, Switzerland) supplemented with 10% FBS, 2 mM glutamine,
20 mM HEPES, antibiotics, and 50 mM 2-mercaptoethanol (RPMI-
1640 complete medium).

Six-week-old female C57BL/6J mice were purchased from Envigo
(Barcelona, Spain). Animal studies were approved by the Universidad
de Navarra ethical committee (study 018-19) for animal experimen-
tation under Spanish regulations.

RNA synthesis and production of viral vectors

SFV plasmids coding for firefly Luc (pSFV-Luc) or mouse IL-12 with
a translation enhancer (pSFV-enhIL12) have been described previ-
ously25 and were used to synthetize SFV-Luc and SFV-IL-12 saRNAs,
respectively. pSFV-GFP, used to synthetize SFV-GFP saRNA, was
kindly provided by Prof. P. Liljeström (Karolinska Institute, Sweden).
In vitro transcription of RNA from these plasmids was performed as
described previously.59 Briefly, SFV plasmids linearized with Spe I
were used as templates to synthesize RNA using SP6 RNA polymerase
(Promega, Madison, WI) for 1 h at 37�C in 50- to 150 mL reaction
mixtures containing the m7G(50)ppp(50)G RNA cap structure analog
(New England Biolabs, Ipswich, MA). For in vitro experiments, RNA
was used immediately after transcription or stored at�80�C until use.
For in vivo studies, RNA was precipitated using 0.5 M LiCl for 1 h at
�20�C and subsequent centrifugation at 13,000� g for 30min at 4�C.
The RNA pellet was washed with 70% ethanol and centrifuged under
the same conditions for 20 min. After drying the RNA pellet at room
temperature for 5–10 min, it was resuspended with diethyl pyrocar-
bonate (DEPC)-treated sterile H2O to a final concentration of
approximately 1 mg/mL, its integrity was checked by gel electropho-
resis and its concentration measured by Nanodrop spectrophotom-
eter. Aliquots were stored at �80�C. DEPC-treated PBS and RNasin
Plus RNase inhibitor (Promega) were added before electroporation.
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Packaging of recombinant saRNA into SFV VPs was performed by
co-transfecting BHK-21 cells by electroporation with equal amounts
of three RNAs: recombinant saRNA encoding the transgene of inter-
est and two helper RNAs (SFV-helper-C-S219A and SFV-helper-S2
RNAs) that provide the SFV capsid and envelope proteins in trans,
respectively.60 After electroporation, cells were cultured for 4 h at
37�C and then for 48 h at 33�C and 5% CO2. VPs were purified by
ultracentrifugation and titrated by infection of BHK-21 cells with se-
rial dilutions of the VP stocks as described previously.61 Indirect
immunofluorescence was performed 24 h later using an in-house pro-
duced rabbit polyclonal antiserum that recognizes the nsp2 subunit of
SFV replicase.
Analysis of in vitro expression of IL-12

2 � 106 MC38 or BHK-21 cells were electroporated with �10 mg of
in-vitro-transcribed SFV-IL-12 saRNA in 400 mL (MC38) or
800 mL (BHK-21) of PBS using 4-mm electroporation cuvettes and
the Gene Pulser II electroporator (Bio-Rad, Hercules, CA). The elec-
troporation parameters for MC38 cells (1 pulse of 500 V, 25 mF) were
optimized using SFV-GFP saRNA, and parameters for BHK-21 cells
(2 pulses of 850 V, 25 mF) have been described previously.59 Electro-
porated cells were cultured for 24 h at 37�C and 5% CO2, and then
supernatants were collected to analyze IL-12 secretion. Quantification
of IL-12 was performed by a commercial specific ELISA (BD Biosci-
ences, Franklin Lakes, NJ). Western blot analysis was carried out us-
ing a rat antibody that recognizes the p40 subunit of mouse IL-12 (BD
Biosciences). To verify IL-12 bioactivity, 106 mouse splenocytes/well
were incubated in U-bottom 96-well plates with 10 ng of IL-12 in
RPMI-1640 complete medium for 48 h at 37�C and 5% CO2. Then
supernatants were collected, and IFN-g secretion was quantified us-
ing a commercial specific ELISA (BD Biosciences).
Cytotoxic effect of saRNA in vitro

3� 106 MC38 cells and 40 mg of saRNA were mixed in 400 mL of PBS
and electroporated as described before. Cells were recovered in com-
plete RPMI-1640 medium, and 10,000 cells were seeded in 96-well
white or transparent plates. Cell viability was measured from white
plates 24 and 48 h after electroporation using the CellTiter Glo kit
(Promega), following the manufacturer’s instructions. Luminescence
was measured on a GloMax luminometer (Promega). For flow cytom-
etry analysis, cells were stained with Zombie NIR viability dye
(BioLegend, San Diego, CA) and phycoerythrin (PE) Annexin V,
following the manufacturer’s instructions. Samples were acquired
on a FACSCanto-II cytometer (BD Biosciences). Data were analyzed
using FlowJo software (Tree Star, Ashland, OR).
Tumor induction and treatment

Mice were injected subcutaneously (s.c.) with 5 � 105 MC38 or PM-
299L cells diluted in 50 mL of saline in the right flank. For all electro-
poration experiments, 10 mg/tumor of SFV saRNA in a maximum
volume of 20 mL was used. Pulses were delivered using the ECM
830 electroporation system (BTX, Holliston, MA) and tweezer elec-
trodes (1 mm, BTX).
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For Luc expression experiments, tumors with a medium size of 5 mm
in diameter were electroporated once using the electroporation condi-
tions detailed in Figure 1. By making a small superficial incision in the
skin close to the tumor location, we first exposed the tumors to avoid
possible interference of the skin during pulse delivery. After that, the
RNA was injected i.t. with a Hamilton syringe, and electroporation
was performed. Incisions were closed using clamps for 2–3 days. For
this procedure, mice were anesthetized with 40 mL of a mixture of ke-
tamine, physiological saline, and xylazine (at a ratio of 9:9:2) adminis-
tered intraperitoneally (i.p.), and a single dose of 5 mg/kg of ketopro-
fen was administered s.c. to prevent any discomfort.

For therapeutic experiments, the treatment schedule started approxi-
mately 10 days after tumor inoculation, when tumors reached a me-
dium size of 3–4 mm in diameter. The optimized treatment consisted
of a 3-day regimen for which mice underwent two rounds of electro-
poration. The first electroporation was carried out as described before,
and the second one was performed without the surgical procedure.
Hyaluronidase type IV-S (Sigma, St. Louis, MO) was administered
i.t. 2 h before each electroporation (30 units/tumor in 25 mL of PBS).

For systemic PD-1 blockade, an anti-PD-1 antibody RMPI-14 clone
(Bio X Cell, Lebanon, NH) was administered i.p. on days 2, 4, and
7 (100 mg/mice for each dose).

Efficacy of treatments was evaluated by measuring two perpendicular
tumor diameters every 2–3 days, and tumor volumes (mm3) were
calculated using the formula volume = (length � width2)/2. Mice
were sacrificed when tumors reached a size of approximately
1,200 mm3 or when pain or tumor ulceration was observed.

For histological analysis of treatedMC38 tumors, mice were sacrificed
5 days after the second round of treatment, and tumors were
collected. Formalin-fixed, paraffin-embedded sections (3 mm thick)
were stained with hematoxylin and eosin.

Bioluminescence imaging of mice

For in vivo quantification of Luc activity, mice were anesthetized as
described before and received 100 mL i.p. of a 30 mg/mL solution of
D-luciferin potassium salt substrate (Promega) dissolved in PBS.
Light emission was measured 10 min after substrate administration
using a CCD luminometric camera (Biospace Lab, France). Image
processing and signal intensity quantifications were performed using
M3 Vision software (Biospace Lab). The number of photons emitted
per square centimeter per second per steradian (ph/s/cm2/sr) was
used as a measure of Luc activity.

Flow cytometry

For immunophenotypic characterization of T cells, spleens and tu-
mors were collected from each mouse 6 days after the second round
of treatment. Excised tumors were digested with 400 U/mL collage-
nase D and 50 mg/mL DNase-I (Roche, Switzerland) for 20 min at
37�C. After washing with PBS, red cells were lysed with ACK buffer
(Sigma). Spleens were homogenized in PBS using a 70-mm filter.
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For functional analyses, cells were incubated with Zombie NIR
viability dye (BioLegend). Then, to identify tumor-specific CD8+ T
lymphocytes, we stained cells with H-2Kb MuLV p15E Tetramer-
KSPWFTTL (MBL International, Woburn, MA). Subsequently,
they were stained with fluorochrome-conjugated mAbs against
CD45.2 (clone 104), CD8 (clone 53.6.7), CD4 (clone RM4-5),
ICOS (clone 7E.17G9) (all of them from BioLegend), and PD-1 (clone
RMP1-30, Invitrogen). For intracellular staining, cells were fixed and
permeabilized with BD Fixation/Perm buffer (BD Biosciences)
and then stained with anti-granzyme B (clone GB11, BioLegend)
and anti-Ki67 (clone 16A8, Invitrogen) mAbs. Samples were acquired
on a FACSCanto-II cytometer (BD Biosciences). Data were analyzed
using FlowJo software (Tree Star). Gating strategies are shown in
Figure S3.

ELISPOT

Following the instructions of a commercial IFNg ELISPOT kit (BD
Biosciences), the number of IFNg-producing cells was analyzed in
collected splenocytes. Briefly, a 96-well plate was coated the day
before the assay with an anti-mouse IFNg capture antibody at a con-
centration of 5 mg/mL in PBS. After overnight incubation at 4�C, the
antibody was discarded, and the plate was blocked with RPMI-1640
complete medium for 2 h at room temperature (RT). Splenocytes
(7 � 105/well) were co-cultured with irradiated MC38 or PM299L
cells (using 14,000 cGy) at a 10:1 lymphocyte:tumor cell ratio or
with SIINFEKL peptide. After 1 day of co-culture, the number of
IFNg+ spot-forming cells was revealed by a colorimetric reaction,
and spots were counted with an automated ELISPOT reader (CTL,
Aalen, Germany).

Statistical analysis

All data are expressed as the mean ± SEM unless otherwise specified.
Prism software (GraphPad, San Diego, CA) was used for statistical
analysis. To compare multiple experimental groups, one-way
ANOVA test and Tukey’s multiple comparison test were used. In
Figures 1B, 1C, 4A, and S1, comparisons between different groups
were performed using a Mann-Whitney test. For time-series analysis,
data were compared using the extra sum-of-squares F test and fitted
to a second-order polynomial equation. Survival of tumor-bearing
mice is represented by Kaplan-Meier plots and analyzed by log-
rank test. p < 0.05 was considered statistically significant.
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